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REMARKS 



Upon entry of the foregoing amendments, claims 21-23, 29-31 and 34-36 are under 
consideration. Claims 26, 28, 32, 33, 37, and 38 were canceled herein, without prejudice or 
disclaimer. Applicant reserves the right to prosecute the cancelled subject matter, as well as the 
originally presented claims, in continuing applications. No new matter is added. 

§ 112, First Paragraph Rejection: Written Description 

The Examiner has rejected claims 21-23, 26 and 28-38 under 35 U.S.C. § 1 12 first 
paragraph for lack of written description. This is a new matter rejection. The Examiner asserts 
that the specification and the claims as originally filed does not provide support for the invention 
as now claimed. Claim 26, 28, 32, 33, 37, and 38 have been canceled. The remaining rejections 
are addressed as follows. 

A. "an immunoglobulin heavy chain polypeptide" 

Regarding claims 21, 26, and 29, the Examiner states that the specification and the claims 
as originally filed do not provide support for the phrase "an immunoglobulin heavy chain 
polypeptide." Applicants have amended claims 21, 26, and 29 to delete the phrase "an 
immunoglobulin heavy chain polypeptide" and to recite "an immunoglobulin Fc region". 
Applicants traverse this rejection to the extent it applies to the claims as amended. 

The phrase "immunoglobulin Fc region" is supported by the specification as filed. 
Specifically, the specification recites at page 8, lines 6-10, "[t]he mucin/immunoglobulin 
expression plasmid was constructed by fusing the PCT-amplified cDNA of the extracellular part 
ofPSGL-1 in frame via a BamHI site, to the Fc part (hinge, CH2 and CH3) of mouse IgG2b 
carried as an expression cassette in CDM7" (emphasis added). 

Furthermore, the specification recites "the antigenic fusion proteins according to the 
invention further comprises a part which confers immunoglobulin properties., .the part that 
confers immunoglobulin properties is as an immunoglobulin or part there of. . .preferably said 
part that confers immunoglobulin properties is the Fc part of an immunoglobulin molecule. (See 
specification, at page 5 line 27 through page 6 line 2, emphasis added) Accordingly, as the 
specification clearly supports the specific part of the immunoglobulin molecule as recited in 
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amended claims 21, 26, and 29, it would be clear to one skilled in the art that that applicants had 
possession of the claimed invention. The written description rejection should be withdrawn. 

B. "the extracellular portion of a P-selectin glycoprotein ligand-1" 

Regarding claim 29, The Examiner states that the specification and the claims as 
originally filed do not provide support for the phrase "extracellular portion of a P-selectin 
glycoprotein ligand-1." (Office Action, page 4) Applicants traverse. 

First , the specific portion of PSGL-1 claimed -the extracellular portion of PSGL-1— is 
clearly supported by the as filed specification. See page 8, lines 6-8, which recites that "[t]he 
mucin/immunoglobulin expression plasmid was constructed by fusing the PCR-amplified cDNA 
of the extracellular part of PSGL-1 in frame via a BamHI site." (Emphasis added). For this 
reason alone - i.e., the claim being literally supported by the specification — a rejection based on 
lack of written description is not proper. 

Second , claim 29 clearly recites a specific piece of a PSGL-1 molecule - the extracellular 
portion (selected as a portion of the full length PSGL-1 integral membrane protein containing an 
(1) extracellular region, (2) a transmembrane region and (3) an intracellular region). To satisfy 
the written description requirement, a patent specification must describe the claimed invention in 
sufficient detail that one skilled in the art can reasonably conclude that the inventor had 
possession of the claimed invention. Here the ordinarily skilled artisan would clearly conclude 
that Applicants had possession of a fusion polypeptide comprising the extracellular part of 
PSGL-1, when in fact the claimed construct is the construct the Applicants exemplified in the 
specification. 

The written description rejection should be withdrawn. 

C. "more Galoch 3Gal epitopes than a wild-type P-selectin glycoprotein ligand-1" 

Regarding claims 28, 33 and 38, the Examiner states that the specification and the claims 
as originally filed do not provide support for the phrase "comprises more Galal, 3Gal epitopes 



5 



U.S.S.N 09/194,396 
Holgersson et al. 

than the human wild-type P-selectin glycoprotein ligand-1." Claim 28, 33 and 38 have been 
canceled, thus this rejection if moot and should be withdrawn. 

D. "comprises a part of a P-selectin glycoprotein ligand-1 that mediates binding to selectin" 

Regarding claim 34, the Examiner states that the specification and the claims as originally 
filed do not provide support for the phrase "comprises a part of a P-selectin glycoprotein ligand-1 
that mediates binding to selectin." Specifically, the Examiner asserts that the specification 
discloses "an essential part" of PSGL-1 but not "the part that mediates binding to selectin". 

Written description is satisfied through a disclosure or relevant identifying characteristics. 
What is well known in the art need not be disclosed. The subject matter need not be described 
literally in order to be sufficient all that is required is that the specification convey clearly to 
those skilled in the are in any way the information that the applicant has invented the specific 
subject matter claimed. ( In Re Lukach, 442 F.2d 967,968, 169 USPQ 795 (CCPA 1971). At the 
time of filing of the instant application is was well known that the primary function of PSGL-1 is 
as a counter receptor for P-selection — that is PSGL-1 binds P-selectin (B. Seed, Cell (1995) 
83:333-343. (Exhibit 1 ; " Seed "). Specifically, the ordinarily skilled artisan at the time of filing 
of the instant application would have known that the amino terminus of PSGL-1 is required for 
selectin binding. In fact, Seed teaches that a short segment near the amino terminus, specifically 
the first 100 amino acids, is essential for P-selectin binding. In addition, D.Sako et al Cell 
(1995) 83:323-331 (Exhibit 2) further teaches that the first 19 amino acids of the PSGL-1 
polypeptide are capable of binding P-selectin. In short, one of ordinary skill in the art would 
know that the "essential part" of PSGL-1 is the part that is responsible for binding selectin. 

For this reason, Applicants believe that it would be clear to one ordinarily skilled in the 
art that that applicants had possession of the claimed invention. Applicants request that this 
rejection be withdrawn. 
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CONCLUSION 

Applicants believe that the claims, as amended, are in condition for allowance. If the 
Examiner has any questions, the Examiner is invited to contact the undersigned by telephone. 



Respectfully submitted, 



Dated: October 18, 2004 




Cynthia Kozakiewicz, Reg. No. 42,764 

Attorneys for Applicant 

c/o MINTZ, LEVIN 

One Financial Center 

Boston, MA 02111 

Tel: (617)542 6000 

Fax: (617)542 2241 

Customer No. 30623 
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Summary 



P-selectin binding to neutrophils requires a specific 
protein, P-selectin glycoprotein ligand 1 (PSGL-1), as 
well as siafyM-ewis X (sLe 1 ) glycan determinants. We 
have found that a short segment near the amino termi- 
nus of PSGL-1 that contains a tyrosine sulfation con- 
sensus is essential for P-setectin adhesion and that 
addition of the amino-terminal segment to some but 
not all muclrt-ftke molecules confers on those mole- 
cules the ability to bind P-selectin. PSGL-1 synthesized 
In the presence of sulfation inht>ftors binds P-selectin 
weakly, and within the aminr>terminal 20 residues, 
mutation of the tyrosines to phenylalanine abolishes 
binding. Rolling of HL-60 cells on P-selectin-coated 
coversllps Is strongly attenuated by treatment of ceils 
with an Inhibitor of sulfation. 

Introduction 

P-selectin is an integral membrane Otype lectin found 
within the Weibel-Palade bodies of endothelial ceils 
(McEver et al. , 1 989; Bonfanti et al„ 1 989) and the a gran- 
ules of platelets (Hsu-Lin et al.^1984; Stenberg et at., 
1985). Its translocation to the plasma membrane can be 
induced by thrombin (Hsu-Lin et al., 1 984; Stenberg et al.. 
1985). histamine, and other mediators released by mast 
cell activation (Hattori et al, 1989a; Kubes and Kanwar, 
1 994; Thoriactus et al. , 1 994), complement C5b-9 complex 
or C5a fragment (Hattori et al., 1989b; Foreman et al., 
1994), and peroxides (Patel et al., 1991). Once displayed 
on the cell surface, P-selectin supports the attachment of 
myelomonocytes to platelets (Larson et al., 1989; Ham- 
burger and McEver, 1990) or endothelial cells (Geng et 
at., 1990; Gamble et al., 1990). In the latter setting, its 
appearance heralds an underlying tissue insult and sup- 
ports the initial step in leukocyte extravasation, the rolling 
of neutrophils along the postcapillary venule wall (Law- 
rence and Springer, 1991). Mice homozygously deficient 
lor the P-selectin structural gene exhibit deficits in leuko- 
cyte rolling and show delayed recruitment of granulocytes 
to sites of experimentally induced inflammation (Mayadas 
et al., 1993). 

if there is a unifying theme to the pattern of mediators 
that induce P-selectin expression, it is the integration of 
signals that commonly arise in the context of trauma or 
wounding. One of the first recognized responses to tissue 
trauma is mast ceil activation, which is accompanied by 



release of histamine, serotonin, and other diffusible medi- 
ators. Although induction of P-select in-mediated neutro- 
phil rolling has been thought to be an Inevitable conse- 
quence of surgical Intervention, cromolyn, an agent that 
blocks mast cell degranulation, has been shown to prevent 
such rolling, thereby providing an elegant demonstration 
of the role of the mast cell as the link between trauma and 
extravasation (Kubes and Kanwar, 1994). 

Much is presently known about the residues on P-selectin 
that are important for binding (Hotlenbaugh et al., 1993; 
Erbe et al., 1993; Bajorath et al., 1994; Kansas et al, 1994; 
Murphy and McGregor, 1994), but the precise structure 
on human neutrophils that serves as a ligand has proven 
elusive. Soluble human P-selectin chimeras recognize a 
specific homodimeric counterreceptor that bears sialy- 
lated, fucosytated O-linked glycans (Moore et al., 1992, 
1994; Norgard et al., 1993). A cDNA encoding this counter- 
receptor, termed P-selectin glycoprotein Ilgand 1 (PSGL-1) 
(Sako et al., 1993), was isolated by expression cloning in 
COS cells cotransfected with a fucosyKransferase, FTIII 
(Kukowska-Latallo et al., 1 990), known to give rise to Lewis 
X (Le*), sialyt-Lewls X (sLe"), Lewis A (Le*), and sialyl-Lewis 
A (sLe*) glycans. Thus, reconstltutlon of the neutrophil 
ligand for P-selectin in COS celts requires at least two 
elements, an enzyme to supply fucose and a specific pro- 
tein backbone (PSGL-1). PSGL-1 has typical features of 
an integral membrane mucin, but appears to be uniquely 
suited for interaction with P-selectln because expression 
of other mucins in COS cells in the presence of the same 
fucosyltransferase does not support P-selectin binding 
(Sako et a!., 1993). 

In addition to fucose and PSGL-1, additional compo- 
nents of the P-selectin ligand may be inapparent because 
of their constitutive production in COS cells. For example, 
both sialic acid and sulfate may be necessary for binding. 
Neuraminidase treatment of target cells significantly atten- 
uates binding to P-selectin (Corral et al., 1990; Moore et 
al., 1 991 ), whereas suppression of sulfation on HL-60 cells 
by exposure to sodium selenate has effects of similar po- 
tency (Aruffo et al. t 1 991). These results raise the possibil- 
ity that both sulfation in some form and the sLe* determi- 
nant are components of the target structure recognized 
by P-selectln. 

Less Is known about P-selectin ligands in mice, but a 
160 kDa protein has been identified on neutrophils that 
binds selectively to a murine P-selectin-immunoglobulin 
chimera (Lanier et al., 1 994), suggesting that specific pro- 
tein scaffolds may also be required for binding. The murine 
chimera also recognizes some but not all glycoforms of 
a low molecular weight mucirvlike molecule called CD24- 
heat stable antigen (Sammar et al., 1994). A correlation 
was found between those isoforms showing P-selectln 
binding and those reacting with an antibody recognizing 
a complex glycan bearing sulfate and glucuronic acid, 
known as HNK-1 (Sammar et al., 1994). 

An Important topic that remains to be addressed is the 
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specific sequence features that qualify PSGL-1 as a hu- 
man P-selectin counterreceptor. in this study, we report an 
analysis of the elements of PSGL-1 that support P-setectin 
binding, from which we conclude that a very short element 
in the apical domain of PSGL-1 contains regulatory ele- 
ments, including three sites of potential tyrosine sulfation, 
which are critical for P-selectin ligand function. Treatment 
of transfected COS cells with chlorate, an inhibitor of sul- 
fation (Baeuerte and Huttner, 1 986), partially blocks adhe- 
sion to P-selectin but has little effect under th e same condi- 
tions on binding to E-selectin. 

Results 

The Amino Terminus of PSGL-1 Is Necessary 
for P-Selectin Binding 

Gross deletions from the amino terminus of the PSGL-1 
mucin were prepared by polymerase chain reaction (PCR), 
and the resulting truncated cDNAs were inserted down- 
stream from a secretory peptide sequence fused to a pep- 
tide tag derived from influenza hemagglutinin (HA). Ex- 
pression plasmids encoding the truncated molecules 
(Figure 1A) were transfected into COS cells in the pres- 
ence of a myeloid fucosyttransferase, FTVII, which directs 
the expression of sLe* determinants exclusively (Sasaki 
et al., 1994; Natsuka at al., 1994). Measurement of the 
binding of radiolabeled transfected cells to plastic wells 
precoated with P-selectirt-immunogfobulin fusion protein 
showed that deletion of the amino-terminal 100 residues 
of PSGL-1 was sufficient to abolish binding (Figure 1B). 
Expression of the deletion variants at the ceil surface was 
confirmed by indirect immunofluorescence using antl-HA 
monoclonal antibodies, and the presence of sLe* on the 
cell surface was confirmed using the monoclonal antibody 
CSLEX-1 (Figure 1C). 

The Amino Terminus of PSGL-1 la Sufficient 
for Binding In the Context of Some 
but Not AH Mucins 

To explore whether PSGL-1 sequences other than those 
in the apical domain of PSGL-1 were required for binding, 
the transmembrane and cytoplasmic regions of PSGL-1 
were replaced with those of the CD43 antigen (Pallant et 
al., 1989; Shelley et al., 1989). The resulting molecule, 
which bore no cysteine residues, showed no compromise 
of binding activity (data not shown). Thus, under these 
conditions, neither PSGL-1 disulfide bond formation nor 
a specific membrane-anchoring segment are required for 
P-selectin binding. 

The predicted first 100 amino acids of PSGL-1 were then 
genetically grafted onto the amino termini or mucin-like 
repeat elements of a small number of unrelated mucins 
to determine whether the PSGL-1 apical domain is suffh 
cient for P-selectin counterreceptor activity (Figure 2A). 
Some but not all mucins proved capable of supporting 
P-selectin binding in this setting. CD34 and CD43, two 
relativelylarge mucins found predominantly on human he- 
matopoietic cells, were both capable of supporting bind- 
ing, whereas an artificially anchored variant of gtycosyia- 
tfon-dependent cell adhesion molecule 1 (GlyCAM-1), a 
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Figure 1. Effect of Amino-Terminal Gross Deletions on PSGL-1 Ac- 
tivity 

(A) Schematic structure of the PSGL-1 deletions. Systematic deletion 
of the ectodomain of PSGL-1 was undertaken by a PCR strategy. A 
representative 1 0- residue repeat is shown stippled, and the transmem- 
brane domain is hatched. 

(8) P-selectin-bindEng activity of transfected COS cells expressing the 
deletions shown In (A). "Cr-tabeied cells were allowed to adhere to 
soluble P-seiectin adsorbed to microliter wells and washed, and the 
bound cells were lyeed and counted. Deletion constructs were 
transfected either In the absence (column 2) or presence (remaining 
seven columns) of the human FTVII fucosyttransferase (FTVIIh). Error 
bars denote one standard deviation. 

(C) Mean fluorescence Intensity (MFI) of COS cells cotransfected with 
human FTVIIh and the deletion constructs shown in (A) and subjected 
to tncflrsct Immunofluorescence with antibody against the amlno- 
terminal flu peptide or eLe*. 



mucin expressed on high endothelial venules that has 
L-selectin ligand activity (Lasky et al., 1992). was Inactive 
in this assay (Figure 2B). The GlyCAM-1 mucin domain 
In these experiments was tethered to the cell surface via 
the extracellular stalk, transmembrane, and cytoplasmic 
anchoring segments of CD7 (Aruffo and Seed, 1 987). Cetl 
surface expression of the different mucins and mucin chi- 
meras was confirmed by indirect Immunofluorescence us- 
ing antibodies against flu tag, ate*, or the respective mu- 
cins (Figure 2C; data not shown). 
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Figure 2. P-Seiectin-Binding Activitypf Chimeric Mucins Bearing the 
PSGL-1 Apical Domain 

(A) Diagram of the constructs. The PSGL-1 N-terminus is stippled, the 
transmembrane domains are shown hatched, and a representative 
repeal is shown densely stippled. The PSGL-1 N-terminus was fused 
to the N-terminus of the predicted mature CD34 and GlyCAM-1 and 
to the N-termlnus of trie repeal region of CD43. 
(8) P-selectirvbindlng activity of transfected COS ceils expressing ei- 
ther Intact mucins, or the aminc-terminaBy denvatteed constructs 
shown in (A). Both native and derivataed GryCAM-1 are tethered to the 
membrane through a CD7 stalk and transmembrane domain. FTVtlh, 
human FTVII fueosyttransferase. CDM8, vector control. Error bars de- 
note one standard deviation. 

(C) Mean fluorescence Intensity measurement of expression of flu tag 
or sLtf by COS eels transfected with the constructs analyzed In (B). 
CD34 and CD43 constructs were positive for expression by indirect 
immunofluorescence using the cognate anti-CD antibodies (data not 
shown). 



comigrates with 50 kDa proteins (Lasky et al., 1992). Al- 
though it has not been established at present whether a 
precise estimate of the molecular mass of a mucin-iike 
protein can be achieved by measurement of relative mobil- 
ity in polyacrylamido gels, nor the appropriate migration- 
mass relationship, the larger mucins appear to be able 
to support P-selectin binding when the apical domain of 
PSGL-1 is appended to the amino terminus. 

To explore the possibility that sulfation might be one 
determinant of the ability of other mucins to support apical 
domain-directed binding, we evaluated the potential of 
the different mucins above to undergo sulfation in COS 
cells. PSGL-1 , CD34, CD43, and GlyCAM-1 soluble mucin 
chimeras readily incorporated sodium ["SJsulfate when 
expressed in COS cells (Figure 3). 

Sequential deletion of the internal repeat elements of 
PSGL-1 allows one to shorten the molecule in a regular 
and systematic way with relatively little danger of compro- 
mising hypothetical global tertiary associations. As repeat 
elements were deleted, the binding activity of PSGL-1 de- 
clined, consistent with the idea that distance from the 
plasma membrane might be an important determinant of 
P-selectin-bindlng activity (data not shown). Alternatively, 
other factors, such as carbohydrate density, may contrib- 
ute to P-selectin binding efficacy. 

Inhibition of Sulfation Blocks PSGL-1 Binding 
to P-Selectin 

In previous studies, the sulfation inhibitor sodium selenate 
was found to compromise binding of HL-60 cells to soluble 
P-selectin significantly, while having little or no effect on 
binding of the cells to soluble E-setectin (Aruffo et al., 
1991). Although sodium selenate proved too toxic for use 
in transient expression studies, sodium chlorate, another 
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Mucins That Support Apical Domain-Directed 
Binding Are Large and Sulfated 

The apparent molecular masses determined by denatur- 
ing polyacryiamide gel electrophoresis of CD43 and GD34 
expressed in COS cells have been reported to be 100- 
130 kDa (Shelley et al., 1989) and 100 kDa (Simmons et 
al., 1992), respectively, whereas the PSGL-1 monomer 
exhibits an effective molecular mass of 110 kDa (Sako 
et al., 1993). GfyCAM-1 , in Its native (unfathered) state, 



Figure 3. Mucin Sulfation 

Muciiv-immunogiobulin fusion proteins were labeled with [*S]sutfate, 
purified on antMiuman IgG agarose, and efectrophoresed on an 6% 
denaturing polyacrytamlde gel under reducing conditions. Shown is 
an autoradtogram of the immunoprecipitales of culture supematants 
of cells transfeoted with the following: lane A CDM8 (vector); lane B, 
immunoglobulin expression vector (no mucin insert); lane C, PSGL-1- 
tmmunoglobulln; lane D, CD4S-tmmunoglobuIin; lane E, CD34-imrnu- 
nogtobuDn; lane F, GlyCAM-1 -immunoglobulin. 
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relatively selective inhibitor of sulfation (Baeuerle and Hut- 
tner, 1986), was effective. COS cells ware cotransfected 
with PSGL-1 and FTVH, or transfected with PSGL-1 and 
FTVII separately, and incubated for the time period during 
which maximum synthesis of PSGL-1 was expected in a 
modified OMEM medium lacking sulfate and containing 
10 mM sodium chlorate. Under these conditions, we ob- 
served a significant decrease In the ability of cotransfected 
cells to bind to immobilized P-selectin, whereas the same 
cells showed little or no decrement In binding to immobi- 
lized E-seiectin (Figures 4A and 4B). The cell surface ex- 
pression of either the sLe* antigen or the PSGL-1 amino- 
terminal tag sequence was not compromised by this 
treatment (Figure 4C). Rather, an increase in the mean 
fluorescence intensity of the transfected ceils, for both 
anti-sLe* and anti-flu tag, was observed following chlorate 
treatment. At present, the explanation for this is uncertain. 
A soluble PSGL-1 immunoglobulin chimera synthesized 
under comparable conditions showed essentially com- 
plete inhibition of ["Slsulfate incorporation (Figure 4D) un- 
der conditions in which protein synthesis, as measured 
by [^cysteine and methionine incorporation, was not 
Inhibited (Figure 4E), 



Fine Structure Deletion Analysis of the Apical 
Domain of PSGL-1 

To localize elements of the apical domain that contribute 
to P-selectin counterreceptor activity, we prepared a se- 
ries of finer deletions across the apical dom atn, again plac- 
ing each ammo-terminal deletion downstream from the 
CDS leader/flu tag element to monitor cell surface expres- 
sion (Figure 5A). Removal of 20 amino acids from the pre- 
dicted mature N-terminus had no effect on P-selectin- 
binding activity, whereas removal of 40 amino acids 
abrogated binding (Figure SB). As was the case for the 
gross deletions, fine structure deletions showed little vari- 
ability in expression of the epitope tag as assessed by 
indirect immunofluorescence (Figure 5C). Further deletion 
gave no change in activity. Thus, sequences between 
amino acid residues 20-40 (residues 38-67 of the pre- 
dicted precursor) appear to be required for P-selectin 
binding. 

Sufficiency of a 20 Amino Acid Peptide Fragment 
for P-Selectln Countenreceptor Activity 

To test whether residues 38-57 are sufficient for PSGL-1 
apical domain-directed activity, we appended this seg- 





Rgure4. Chlorate tnhibte P- but Not &Setao- 
tin-Mediated Adhesion under Conditions That 
Do Not InWbtt Protein Synthesis In General 

(A) Binding of ceils to P-selectin, conducted as 
described for Figure 1. 

(B) Binding of ceils to E-selectin under the 
same conditions. 

(C) Chlorate does not Inhibit surface expres- 
sion of PSGL-1 or sLe*. Shown are the mean 
fluorescence intensities of COS cells transfected 
with PSGL-1 with or wfthout FTVII and sub- 
jected to indirect immunofluorescence with an- 
tibody against the amino-terminal influenza HA 
peptide or sLe 1 . 

(D and E) Chlorate Inhibits Incorporation of 
pSJsultate Into soluble mucin chimeras, but 
does not inhibit protein synthesis In general. 
Shown are autoradiogrants of PSGL-1-immu- 
nogtobufln fusion proteins labeled with pSJsul- 
fate (D) or ("SJcysteine and methionine (E) in 
the presence or absence of 10 mM NaCJOs and 
efectrophoresed on an 8% denaturing poty- 
acrylamkto gel under reducing conditions. 
Lane A, supernatant of C0M8 transfected cells 
in the absence of chlorate; lane B, supernatant 
of cells expressing PSGL-1 -immunoglobulin In 
the absence of chlorate; lane C, supernatant 
of COM8 in ihe presence of chlorate; lane D, 
supernatant of cells expressing PSGL-1 -4mmu- 
nogJobuHn in the presence of chlorate. 
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Figure 5. Sequence and P-Seiectin-Binding Activity of Deletion Vari- 
ants of PSGL-1 Lacking Smaller Dements of the Am too-Terminal Api- 
cal Domain 

(A) Sequence of PSGL-1 and deletion erwJpoints. Numbering corre- 
sponds to residues In the PSGL-1 precursor (Sako et al, 1993). 

(B) P-selectin-binding activity of transfected COS cells expressing the 
deletion variants with endpoints shown In (A). 

(C) Mean fluorescence intensity of COS cells transfected with the dele- 
tion constructs shown In (A) and subjected to indirect immunofluores- 
cence with antibody against the ammo-terminal influenza HA peptide. 



ment to the amino termini of apical domain-deleted 
PSGL-1 and CD43 (Figure 6A). In both cases, the addition 
of this short peptide element conferred P-selectirvbinding 
activity upon the mucin core that was equivalent to that 
of native PSGL-1 (Figure 6C). 

Specific Residues Required within the 
Amino-Terminal Peptide 

Within the 20 amino acid residues necessary for P-selectln 
binding are three potential tyrosine sulfation sites and two 
threonine residues. The tyrosines and threonines were 
subjected to concerted mutation to phenylalanine or ala- 
nine, respectively, turning all three tyrosines to phenylala- 
nines and both threonines to alanines. In addition, a quirv 



Ffguree. Effect of Appending WHOType and Mutant Variants of 
PSGL-1 Residues 38-57 to Deleted PSGL-1 or CD43 

(A) Diagram of the wild-type constructs. 

(B) Sequences and nomenclature of the wild-type and mutant variants 
of PSGL-1 residues 38-57, with the mean fluorescence intensities of 
the cognate transfectants. 

(C) P-setectin-binding activity of transfected COS celts expressing the 
chimeras shown in (A) and (8). PSGL-1 form 1 R1 is full-length PSGL-1 
bearing an EcoRI site at the junction of the H-terminaJ domain and 
the repeat elements. 

(D) Binding of chimeric mucins bearing the amlno-terminaJ 20 residue 
peptide is sensitive to EOTA. 



tuple mutation was prepared in which both conversions 
were made in the same peptide. Each mutated sequence 
was placed in the same sequence context downstream of 
the flu tag and upstream of either truncated PSGL-1 lack- 
ing the apical domain, or the C043 repeat elements and 
transmembrane domain. Cells expressing the resulting 
chimeras were tested for their ability to bind to immobilized 
P-selectin. Conversion of the tyrosines to phenylalanines 
resulted in a loss of binding activity to P-selectin (Figure 
GO), without compromise of the expression of the flu tag 
or sLe* epitope (Figure 6B). Replacement of the threonine 
residues with alanine diminished binding, but did not abol- 
ish It entirely (Figure 6C). Binding mediated by the apical 
20 residues was, like that of native PSGL-1, dependent 
on the presence of calcium (Figure 60). P-selectin binding 
by chimeric mucins bearing the apical 20 amino acid seg- 
ment was inhibitable by chlorate, whereas E-selectin bind- 
ing was unaffected under the same conditions (data not 
shown). 
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Residues within the Amino-Terminal 20 Amino 
Acids Are Sulfated on Tyrosine 

To determine whether the amino-termlna! segment was 
capable of being sulfated in vivo, we created fusion pro- 
teins consisting of the native or mutant peptide sequences 
joined to human immunoglobulin G1 (lgG1) (Figure 7A). 
The resulting fusion proteins were expressed in COS cells 
(Figure 7B), and their ability to assimilate inorganic sulfate 
was assessed. Immunoglobulin chimeras bearing the na- 
tive peptide sequences were capable of incorporating sul- 
fate, whereas those bearing phenylalanine substituted for 
tyrosine were not (Figure 7C). Replacement of threonine 
with alanine had no effect on sulfate incorporation (Fig- 
ure 70). 

Inhibitors of Sulfation Block HL-60 Rolling on 
P-Selectin-lmmunoglobulin Chimeras 
To explore whether inhibition of sulfation would compro- 
mise a physiologically relevant adhesion, we subjected 
HL-60 cells to growth in medium containing chlorate and 
examined the ability of the resulting cells to attach and 
roll on coverslips coated with P-selectin-immunoglobulIn 
chimeras under conditions of defined fluid shear stress 



(Lawrence et al., 1990). HL-60 cells were capable of at* 
taching to and rolling upon coverslips precoated with 
P-selectin-immunoglobulin chimera, whereas no such In- 
teraction was observed with coverslips coated with a CD4~ 
immunoglobulin chimera (Figure B; data not shown). 
Growth of HL-60 celts in chlorate dramatically reduced the 
frequency of cell interaction with the substrate (Figure 8). 



Discussion 

The selectin family of cell surface lectins mediates the 
initial phase of leukocyte-endotheliaJ adhesion, the rolling 
ol cells along activated endothelium (von Andrian et at., 
1 991 ; Lawrence and Springer, 1 991 ), Members of the fam- 
ily share a common facility for the recognition of gtycans 
bearing sLe x determinants (Foxall et al., 1992). However, 
there are clear differences in the target recognition pat* 
terns of the different seledtihs. E-selectin mediates the 
binding of both hematopoietic and nonhematopoietic cells 
bearing sLe* in a large number of different glycan and 
protein scaffold contexts (Lowe et al., 1990; Walz et al., 
1990; Phillips et al. t 1990), suggesting that many proteins 
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Rgure 7. Amino-Terminal Tyrosine Residues 
Are Sulfated In Vfc/o 

Immunoglobulin fusion proteins consisting of 
either Intact PSGL-1 or 20 residue peptides 
joined to the hinge, CH2, end CK3 domains of 
human IgGl were expressed in COS cells and 
tested for their ability to assimilate pSJcystetne 
and methionine or fSJsulfate. 
(A) Schematic diagram of the peptide fusion 
constructs. 

(6) Incorporation of ["SJcysteine and methio- 
nine by the fusion proteins. Lane A, superna- 
tant of cells transfected with CDMB control. 
Lane B, supernatant of cells transfected with 
P3GL*1~immunoglobulin fusion protein. Lane 
C, supernatant of celts transfected with the WT- 
hlgG. Lane D t eupernatant of cells transfected 
with Y/F-hlgG. Lane E, supernatant of cells 
transected with T/A-hlgO.UneF, supernatant 
of ceils transfected with Y/F-T/A-higQ. 
(C) Incorporation of ("Sjsulfate. The same con- 
structs were tested as in (B), except that a con- 
trol fusion protein bearing no amlno-tarmlnal 
adoption (lane B) was included. Lanes C 
through Q correspond to B through F in (6). 
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Figure a RbiHng of HUGO CeHs on P-Sefectln- 
Imrnunoglobulin Chimeras Is Inhibited by Chlo- 
rate 

HL60 cells were infused into a parallel plate 
flow chamber precoated with either P-setectln- 
immunoglobulin chimera or a CD4-lmmuno- 
gtobulin chimera control. Cells were subjected 
to a shear stress of 0.75 dynes/cm*. 
(A) Video image of HL-60 cells rolling or flowing 
(streaks) over P-eelectln-lnimunoglobuIln chl- 



(B) HL-60 cells p retreated in sulfate-freo me- 
dium with 10 mM sodium chlorate. 

(C) HL-60 ceils flowing over coversiip coated 
with CEM-immunoglobutin chimera. 

(D) Tabulation of interacting cells per field from 
eight frames at 1 5 s Intervals of cells shown In 
(AHC). Error bars represent SEM. 



may be capable of presenting sLe" to E-selectin. These 
findings do not exclude the possibility that specific proteins 
on neutrophils are selectively endowed with sLe\ or pos- 
sess an enhanced capacity to interact with E-seiectin by 
virtue of their localization to plasma membrane microvilli. 
Two candidate scaffold proteins that may have superior 
capacity to present sLe* to E-selectin are L-selectin on 
human neutrophils (Picker et at.. 1 991) and ESL-1 , a pro- 
tein related to fibroblast growth factor, on a murine granu- 
locytic cell line (Steegmaier et ah, 1995). 

In contrast, P-selectin binding cannot be documented 
in cells transf acted with fucosyttransferases alone, nor in 
nonhematopoietic cells expressing sLe\ A major advance 
in the understanding of P-selectin specificity was the iden- 
tification of PSGL-1, which has a> unique ability (among 
human neutrophil surface proteins) to support an adhesive 
interaction with P-setectin (Moore et al., 1992, 1994; Sako 
etal., 1 993). This Interaction was shown to require specific 
gtycan modifications that could include sLe* 

Trie fucosyltransferase employed for the isolation of 
PSGL-1 cDNA by expression cloning, FT! II, is a mixed 
specificity enzyme that synthesizes Le\ sLe", Le\ and 
sLe* (Kukowska-latallo et al. v 1 990). In this study, we have 
demonstrated that coexpresskxi of PSGL-1 in COS cells 
with the highly specific myeloid lineage enzyme FTVII, 
which synthesizes sLe* exclusively (Sasaki et al., 1994; 
Natsuka et at., 1 994), is sufficient for acquisition of P-seteo- 
tln-binding activity. Thus, it appears that sLe x is necessary 
for PSGL-1 cofactor activity and suffices for that activity 
when it is the only exogenous gtycosyttransferase coex- 
pressed with PSGL-1 in COS cells. The necessity for other 
posttranslational modifications of PSGL-1 that may be re- 
quired to support P-selectin binding, however, is not ruled 
out by these studes. 

Both L* and P-selectin are known to bind anionic poly- 
mers, L-setectin by manm)se-6-phosphate polymers, fu- 
coldan, heparin, and related saccharides (Stoolman and 
Rosen, 1983; Stoolman et at., 1984; Norgard-Sumnlcht et 
al., 1993; Nelson et al., 1993), and P-selectin by heparin, 
heparan sulfate, dextran sulfate, and fucoidan (Skinner et 



al., 1989, 1991; Aruffo et al., 1991), as well as related 
compounds and anionic inositides (Nelson et al., 1993; 
Cecconi et al. , 1994). Both selecting interact strongly with 
sulfations (Watson et al., 1990; Imai et al., 1991; Aruffo 
et al., 1991), 3-sulfated galactosylceramides synthesized 
by neutrophils and present in a vesicular compartment of 
nearly all cells undergoing active division either in vivo or 
in culture (Aruffo et al., 1991 ; A. Aruffo, W. Kolanus, and 
B. S,, unpublished data). Cells with intracellular sulfatide 
pools rapidly assimilate Inorganic sulfate into glycolipids 
and excrete them by an as yet uncharacterized mecha- 
nism, leading to the rapid accumulation of sulfated lipids 
in the extracellular space (Aruffo et al., 1991; A. Aruffo, 
W. Kolanus, and B. S., unpublished data). It has previously 
been proposed that neutrophil elaboration of sulfated gly- 
colipids represents a mechanism for detachment of granu- 
locytes from P-selectin once they have traversed the endo- 
thelium and are prepared to migrate into the organ 
parenchyma (Aruffo et al., 1991). However, in studies 
aimed at exploring the rote of cell surface sulfatides in 
P-setectin adhesion, it was also found that sodium sele- 
nate, an inhibitor of sulfate assimilation, blocked adhesion 
of a myeloid ceil line (HL-60) to P- but not E-selectin immu- 
noglobulin chimeras (Aruffo et al., 1991). We show here 
that a similar inhibition of P- but not E-selectin binding can 
be demonstrated in COS cells expressing PSGL-1 and a 
sLe*-specific fucosyltransferase. Moreover, we demon- 
strate that HL-60 cells subjected to growth in chlorate, an 
inhibitor of sulfation, have significantly diminished capac- 
ity to attach and roll on P-selectin-coated surfaces under 
conditions of defined flow. 

The sequence determinants that distinguish PSGL-1 as 
a P-selectin counterreceptor appear to be localized within 
a very short segment at the amino terminus of the mole- 
cule, which contains three consensus sites for tyrosine 
sulfation (Sako et al., 1993; Huttner, 1987) and two possi- 
ble sites for O-linked glycan addition. This finding is consis- 
tent with reports (Ma et al., 1994; Moore et al., 1995) that 
some monoclonal antibodies that specifically recognize 
PSGL-1 are capable of blocking binding, a result that sup- 
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ports the view that the binding site is relatively localized. 
Elimination of (he tyrosines strongly compromises P-eelec- 
tin binding and concomitantly blocks the incorporation of 
sulfate into fusion proteins bearing the amino-tenminal 
PSGL-1 domain, suggesting that tyrosine sulfate on the 
protein backbone, and sLe* on an O-Jinked glycan, may 
be jointly sufficient to constitute P-seiectin-binding activity. 
Some residual activity can be seen among constructs in 
which the threonines but not tyrosines have been mutated, 
which may reflect the potential utilization of adjacent threo- 
nines of the mucin stalk for glycan presentation. It may also 
be that both tyrosine and glycan sulfations are required for 
P-selectin-binding activity. No sulfation of fusion proteins 
was seen when the tyrosine residues were mutated, but 
the possibility that glycan and tyrosine sulfations are linked 
for that sequence context, or that the sulfation of native 
mucins is independent of tyrosine sulfation, cannot be ex* 
eluded. Unfortunately, metabolic inhibitors capable of dis- 
criminating between tyrosine and glycan sulfations have 
not been described to our knowledge. 

Although studies with N-glycanase have shown that 
N-linked grycans are dispensable for P-selectin-binding 
activity (Moore et al„ 1992), the possibility that the threo- 
nines of the active peptide could be replaced by N-llnked 
gfycan addition sites has not been excluded. Nonetheless, 
the evidence is compelling that both a fucosylated, sialy- 
lated gfycan and a motif directing the appearance of sul- 
fated tyrosine are important for binding. 

Where on P-selectin would these structures interact? 
The suggestion that two distinct elements may form a site 
for P-selectin interaction naturally suggests there may be 
discrete locations on P-selectin that bind to different com- 
ponents of the PSGL-1 Ifgand. A reasonable hypothesis 
might be that the tyrosine sulfates interact with some ele- 
ment of the epidermal growth factor (EGFHike domain, 
whereas the sLe* interacts with the lectin domain. Some 
support for this hypothesis can be found in the report that 
the L- and P-selectin EGF-iike domains are not inter- 
changeable for ligand recognition, suggesting that these 
domains may directly interact with distinct features of the 
selectin Uganda (Kansas et al. t 1994). Concurrent interac- 
tion of two or more components of PSGL-1 with P-selectin 
lectin domain residues may also take place. A more exotic 
possibility is that the two PSGL-1 components interact with 
a largely contiguous surface of P-selectin in a stereotyped 
temporal sequence, for example, in which the gfycan 
forms a rapidly reversible link followed by displacement 
by, or coalescence with, the tyrosine sulfate site. Finally, 
sulfation may effect global changes in amino*terminal do- 
main structure that either influence the subsequent dis- 
position of gfycans on the apical residues, or affect the 
conformation of peptide determinants, critical for protein- 
protein interaction. / 

Experimental Procedures 

Production of Soluble P- and E-Selectin Chimeras 

P* and E-selectln immunoglobulin chimeras were prepared as pre- 
viously described (Aruffo et al.. 1991 ; Walz et a)., 1 990). The PSGL-1 
cDNA cooing sequence was obtained by PCR from an HL-60 cDNA 

library and confirmed by DNA sequencing. The coding segment for tr» 



mature extracellular, transmembrane, and Intracellular domain was 
inserted in an expression vector based on CDM8 that tacks the poly- 
oma virus origin of repflcatton and contains the leader sequence for 
the CDS antigen positioned Just upstream of the coding region for a 
flu peptide (Field et al., 1988) epitope tag (J. Haas and B. 8., unpub- 
lished data). 

Construction of Large Scale PSGL-1 Deletions 

Arnimrtermlnal P$QL-1 deletion constructs were prepared by PCR 
using primers encoding the desired deletion endpoint downstream of 
an Xbal site in frame two (encodes leucine aspartfc acid). The resulting 
sequences encoded a polypeptide in which the residues listed below 
immediately followed the aspartic acid (D) of the Xba site: Al 18, A 128. 
A138 t A148,A158,A1W i G178,A188,AlW,A208,A218,A228.A238, 
A248, A258, and T268 of the PSGL-1 precursor. The PCR fragments 
were inserted in the COS leader flu tag expression vector used for 
expression of the intact PSGL-1. The flu tag terminates In an Xbal 
she in the frame described above. Sequences at the flu tag junction 
were verified, and expression was confirmed in COS ceils by Indirect 
immunofluorescence microscopy and flow cytometry. A series of Inter- 
nal deletions with an EcoRI site at the site of the deletion in frame 
one (encodes glutamic acid phenylalanine) was also prepared by first 
creating deletion variants with- amino termini (residues immediately 
following phenylalanine (P) of the EcoRI site) corresponding to A1 18, 
Al28 l Al38,A148,A15e,A16e t Q178pA188,Al98 ( A208 t A218 l A228 l 
A238, A246, and A2S8 of the peptide sequence of the precursor. To 
each of these deleted variants was appended a flu-tagged amino- 
terminaJ PSGL-1 domain ending with an EcoRI site in the glutamic acid 
phenylalanine frame immediately downstream of PSGL-1 precursor 
A117. The resulting constructs contain deletions between A1 17 and 
the various endpoints above. 

Mucin Domain Interchanges 

CD34, CD43, and GtyCAM»1 mucins were prepared for addition of the 
PSGL-1 amino-terminal domain by appending an EcoRI site to either 
the mature amino terminus (CD34 or GfyCAM-1), or to the beginning 
of a region of threonine/proiine-fich repeats (CD43). As above, the 
EcoRI site was in the frame glutamic add phenylalanine (frame 1). 
The CD34 sequence began at residue F30 of the precursor, the Gry- 
CAM-1 at precursor L19, and the CD43 at precursor 1135. To each of 
these was appended the flu-tagged PSGL-1 domain terminating In 
EcoRI as above. The amino terminus and repeat elements of PSGL-1 
were appended to the membrane proximal, tonsmernbrane, and intra- 
cellular domains of CD43 through an EcoRI site in the glutamic add 
phenylalanine frame positioned immediately upstream of the se- 
quences S225 of the CD43 precursor. The complemerttary fragment 
from PSGL-1 corresponded to the amino-terminal residues of the pre- 
cursor up to T267. 

Fine Structure Mapping of the Ami no-Terminal Domain 
A similar strategy was employed for the construction of deletions in 
the amino-terminal domain, in which PCR generated deletions were 
formed using primers bearing an Xba site in the leucine aspartlc acid 
frame (frame 2). Immediately downstream of the residues encoding 
aspartic acid were the PSGL-1 sequences corresponding to precursor 
R38, E58, P78, and A98. For the definition of the amino-terminal do- 
main, duplex oligonucleotides were synthesized corresponding to the 
residues between 38 and 57 with the intfeated sequence changes to 
mutate threonine or tyrosine residues to alanine or phenyfalanine. Afl 
constructs were confirmed by dkieoxy sequencing. 

Cell Adhesion Assays 

Transfected celts were detached from culture dishes with 0.5 mM 
EOTA in PBS 48-80 hr after transfectbn and loaded with 100 ul of 
"Cr0 4 (1 mCVml; DuPont, Boston, MA) in 0.9% NaCI plus 100 uJ of 
medium at 37°C for i hr. Loaded cells were washed twice in PBS and 
resuspended in 0.2% BSA, 0.15 M NaCI, 3 mM CaCt,. Variation in 
labeling rate was typically minimal between cells prepared In parallel 
with the same batch of labeled chromate. The labeled cells were incu- 
bated in wells of 96-well mlcroculture plates coated with affinity-purified 
goat anti-human igG antibody (100 pi of 20 ug/ml anti-human IgG Fc 
{heavy chain specific] in PBS) for 2 hr in a humid chamber at room 
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temperature* After washing the plats twice with PBS, additional pro- 
tein-binding sites were blocked by an overnight incubation with 200 
»l of 0.2% BSA in PBS. The plate was washed with PBS tour times 
and incubated with 200 jil of fusion- protein supematants for 2 nr. 
Following three PBS washes and one wash in 0.2% BSA, 0.15 M NaCt, 
3 mM CaCli, 2 x 10 s cells/well in 200 pi of 0.2% BSA, 0.15 M NaCI, 
3 mM CaCIa were added and left to bind for 1 5 min in room temperature 
while the plate rotated on a rotary platform (80 rpm). The plate was 
washed three times by carefully filling the wells with 200 ul of 0.1 5 M 
NaCI, 3 mM CaCd and then inverting the plate on a pile of paper 
towels. Adherent cells were tysed by the addition of 200 uJ of 2% SDS 
and counted in a y-ray spectrometer. 

immunofluorescence Analysis 

Celts were prepared for cytometry by incubation with the primary 
monoclonal antibody (typically a 1 200 dilution of ascites, or 5 ug/ml 
purified antibody) in PBS containing 3% BSA for 30-45 min. The cells 
were washed twice with PBS and incubated with 2 ug/ml FITC- 
conjugated affinity-purified antibody to either mouse IgQ (12CA5) or 
mouse IgM (CSLEX-1) for 30-45 min in PBS, 3% BSA, and then 
washed twice with PBS, resuspended in 1 ml of 1% formaldehyde in 
PBS prior to analysis. For immunofluorescence microscopy, 
transfected eels were fixed with 4% freshly depoiymerized paraformal- 
dehyde, washed, exposed to BSA at 3% in PBS for 30 min, and then 
Incubated with primary antibody (ascites, 1:250) for 30-45 min. 
washed twice with PBS. and incubated 30-45 min with FITO 
conjugated affinity-purified antibody to mouse IgQ (Cappel) at 2 \xgf 
ml in PBS containing 3% BSA. They were then washed twice with 
PBS and analyzed. 

Metabolic Labeling 

COS cells transfected with expression piasmids encoding immune- 
globulin chimeras were trypsf nized the day after transfection and trans- 
ferred to ne* plates in complete me<fium (DMEM with 10% calf senjm). 
Prior to labeling, the medium was removed, washed once with PBS, 
and replaced with either cysteine and methionine-rree medium tor 
labeling with ["Slcysteine and methionine (TransUbel, ICN) or with 
sulreie-free CRCM-30 medium (Sigma) for labeling with sodium *SO«. 
Serum was not added, and radionuclide was typically present at a 
concentration of 200 uCiftnl. After a labeling interval of 12*16 hr, the 
supematanta were harvested and the fusion proteins collected by ad- 
sorption to goat anti-human IgQ agarose (Cappel)- Adsorbed proteins 
were subjected to denaturing electrophoresis on 8% potyacrylamide 
gels under reducing conditions. 

Chlorate Inhibition of Adhesion 

COS ceils were transfected by DEAE dextran and Incubated Immedi- 
ately following transfectk>rt in DMEM containing 10% calf serum and 
10 mM sodium chlorate. After trypsinizatfon a day after transfection, 
the cells were incubated In fresh dishes in the same medium for 6 hr, 
whereupon the medium was removed. ceHs were washed with PBS, 
and Incubated 18 hr further in a custom prepared DMEM medium (Ufa 
Technologies) lacking sulfate and containing 2% of the usual levels 
of cysteine and methionine with 10% dialyzed fetal bovine serum in 
the presence of 10 mM sodium chlorate (Baeuerie and Huttner, 1986). 
Cells were then harvested for adhesion and immunofluorsscence as 
described. Control cells were treated similarly, but were Incubated In 
DMEM containing undlaryzed serum. 

HL-60 Cell Rolling 

Video Images of HL-60 ceHs rolfing through a parallel plate rectangular 
now chamber (FC$2, Bioptechs, Incorporated, Butler. PA) with a tem- 
perature controlled stage set at 37*C were acquired with en AIMS 
Technology (Bronx, NY) CCD camera mounted on a Zeiss ICM 405 
inverted microscope equipped with a 2.5 x objective. The chamber 
height was 250 urn. Cefla were withdrawn mrough the chamber at a 
defined flow rate with the aid of a Harvard Apparatus (South Natfck, 
MA) model l/W 22 syringe pump. Images were analyzed using NIH 
Image. To inhibit sulfation, HL-60 celts were washed once with PBS 
and grown for 18 hr insulfate-free medium containing 2% of the normal 
levels of cysteine and methionine, 10 mM sodium chlorate, and dia- 
lyzed serum as described above. Far each experiment, 10* cafis were 



suspended In 1 ml of 0.15 M NaCI, 3 mM CaCt and drawn through 
the chamber. Glass coyemlips were coated with affinity-purified goat 
anti-human IgQ antibody at a concentration of 10 ug/ml in 60 mM Trie- 
HQ (pH 9.0) for 2 hr. washed twice with PBS. and blocked overnight 
with 0.2% BSA In PBS. The treated coverall ps were then immersed 
in supematants of COS cells transfected with the appropriate immuno- 
globulin chimera expression piasmids, washed twice with PBS, and 
assembled m the flow chamber. 
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Summary 

P-eelectin glycoprotein ligand 1 (PSGL-1) is a mucin* 
like glycoprotein expressed on the surface of myeloid 
cells and serves as the high affinity counterreceptor 
for P-selectin. The PSGL-1 -P-selectin Interaction is 
calcium dependent and requires presentation of sialyl- 
Lewte" <sLe*Hype structures on the O-linked glycans 
of PSGL-1 . We report here the identification of a non- 
carbohydrate component of the binding determinant 
that is critical for high affinity binding to P-selectin, 
Located within the first 19 amino acids, this anionic 
polypeptide segment contains at least one sulfated ty- 
rosine residue. We propose that this sutfotyrosine- 
contalnlng segment of PSGL-1, in conjunction with 
sLe" presented on O-linked glycans, constitutes the 
high affinity P-selectin-binding site. 



Introduction 

The selectins are a family of calcium-dependent adhesion 
receptors that can mediate the initial "rollin§f interaction 
between leukocytes and vascular endothelium prior to leu- 
kocyte extravasation (Lasky, 1992; Varki, 1994). P-selec- 
tin, E-selectin, and L-seledin are structurally similar, and 
each can bind to related fucosylated or sialylated tetrasao 
charide structures (or both), such as slaJyl-Lewis* (sLe*) 
orsialyl-Uwis^FoxalletaL, 1992). Additionally, functional 
binding to P- and L-selectin is maintained after the substi- 
tution of sulfate for sialic acid in these oligosaccharides 
(Yuen et al., 1992; Brandley et al., 1993). Despite this 
common binding of sLe 1 and related structures, it has be- 
come clear that the selectins have distinct adhesion pat- 
terns and different affinities for sLeM>earing glycoprotein 
Ogands (Varki, 1994). 

The human myeloid ceil line HL-60 has been shown 
to display sLe*-conjugated surface molecules capable of 
binding both P- and E-selectin (Zhouetal., 1991). Protease 
treatment of HL-60 cells abolished the binding of P-setec- 
tfn but not E-selectin, suggesting that sLe* alone is In- 
sufficient for P-selectin binding and some additional 
component is required (Larsen et al., 1992). A unique gly- 
coprotetrUigand consisting of a homodimer with two disul- 
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fide-linked subunits of apparent molecular mass - 120 
kDa was identified from HL-60 cell membrane extracts 
following affinity purification using immobilized P-selectin 
(Moore et al., 1992). This ligand appears to share identity 
with P-selectinglycoprotein ligand 1 (PSGL-1), a glycopro- 
tein cloned and characterized from an HL-60 cell cDNA 
library by using an expression cloning strategy employing 
P-selectin as a panning reagent (Sako et al., 1 993). Coex- 
pression of the PSGL-1 cDNA with a cDNA encoding a(1 ,3/ 
1,4)fucosyttransferase (FT3) (Lowe et al., 1990) in COS 
cells produced functional PSGL-1 that binds to P-selectin 
in a calcium-dependent manner. Antibodies raised against 
this recombinant PSGL-1 recognize the major P-selectin- 
bfnding protein purified from HL-60 cell membranes (Sako 
et at., 1993). PSGL-1 also appears to be the critical cal- 
cium-dependent ligand for E-selectin in HL-60 cells (Asa 
et al., 1995). 

Gtyco&idase digestion of myeloid and soluble recombi- 
nant forms of PSGL-1 revealed the presence of O-linked 
and N-linked oligosaccharides (Sako et a!., 1993; Moore 
et al., 1994). These experiments suggested a key role for 
O-linked, but not N-Unked, oligosaccharides in the binding 
to P-selectin. 

At the outset of this study, we sought to identify the 
unique structural features of PSGL-1 that enable specific 
recognition by P-selectin. We began by mapping the loca- 
tion of sLe*-containing O-linked oligosaccharides present 
on PSGL-1 that are essential for its binding to P-selectin. 
Inspection of the amino acids encoded by the cDNA indi- 
cated that the central portion of the extracellular domain of 
PSGL-1 contains 1 5 decameric repeats that are especially 
rich in prolines and threonines; additional serines and thre- 
onines in proximity of prolines extend from the repeats 
to the amino terminus. Because O-linked oligosaccharide 
attachment sites are often found at serine and threonine 
residues proximal to proline residues in glycoproteins (Wil- 
son et al., 1991), we elected to follow a deletion strategy 
and remove increasing amounts of the putative O-tinked 
oligosaccharide attachment sites. This was done by gen- 
erating a series of carboxy-terminal truncated mutants of 
PSGL-1, each of which is fused to a human immunoglobu- 
lin G (IgG) Fc domain. The resulting series of soluble di- 
merlc chimeras was used to delineate the minimal do- 
mains required for P- and E-selectin binding. We also 
noted the unusual presence of three potential sites for 
tyrosine sulfation found near the amino terminus of mature 
PSGL-1 (Sako et al., 1993). Using site-directed muta- 
genesis, we have assessed their functional importance in 
P- and E-selectin binding. 

Our results demonstrate that the first 19 amino acids of 
PSGL-1, containing only a single O-linked oligosaccha- 
ride, are capable of binding to P-selectln. We show that 
this region contains at least one sulfated tyrosine residue 
that is necessary for high affinity binding to P-selectin. In 
addition, differential in vitro binding of E- and P-selectin 
is observed with specific mutated forms of PSGL-1. 
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Figure 1. Structure of PSGL*1 Chimeras 

(A) Schematic re presentation of the chimeric PSGL-1-lgG deletion 
aeries. The closed bare indicate PSGL-1 segments, and the open bars 
represent IgQ segments. Y, amino-termlnal tyrosine. Vertical fines de- 
note the approximate number and location of CXlnked oligosaccha- 
rides. Vertical lines with closed circles represent locations of potential 
N-finked gtycosylation sites. 

(B) Autoradiograph or the series of soluble PSGL-1 -IgQ chimeras. 
COS ceils were transiently transf acted with piasmids encoding sPACE, 
3MFT, and the chimera. Conditioned medium containing the (^SJmefl* 
onine-labefed chimeras was precipitated using protein A-Sepharose 
and resolved on SDS-potyacrylamldB gels under either reducing or 
nonreducing conditions as indicated. Mock lanes refer to celts 
transfected only with sPACE and 3/4FT piasmids. Numbers on the 
left column correspond to molecular mass markers. 



Results 

Recombinant PSGL-1 -Fc Chimeras Are Processed 
and Secreted as Soluble Olmers 

Previously, we have shown that a soluble form of PSGL-1 , 
SPSGL-1.T7, encoding the extracellular amlno-terminaJ 
254 amino acids fused to an epitope tag sequence, is capa- 
ble of binding both P- and E-selectin in a calciunvdepen- 
dent fashion (Sako et al., 1993). To define the binding 
epitope for P-selectin, we fused various lengths of the ex- 
tracellular domain of PSGL-1 to the heavy chain Ch2-C h 3 
region of IgGl (Capon et ah, 1989). This chimeric format 
facilitated formation of soluble dinners and enabled rapid 
purification by protein A-Sepharose' 

As shown schematically in Figure 1 A, 253Fc is the lon- 
gest of these chimeric fusions and, like sPSGL-1 .17, con- 
tains all potential O and N-iinked glycosylatlon sites. The 
shortest chimera, 19.Fc, contains only the first 19 amino 
acids and no N -linked glycosylate sites. Expression pias- 
mids encoding these chimeras were cotransfected into 
COS cells with a plasmid encoding an FT3 enzyme (Lowe 



et al., 1990) and a plasmid encoding a soluble form of 
the paired bask; amino acid converting enzyme (PACE) 
(Rehemtula and Kaufman, 1992; Wasley eta!., 1993). The 
rationale for including the PACE was predicated on amlno- 
terminal amino acid sequencing results. Purified recombi- 
nant PSGL-1 .17 produced from COS cells yields a peptide 
sequence QATE YE, confirming the utilization of the PACE 
consensus sequence (R. Ettiing, H. White, data not 
shown). Therefore, the PACE plasmid was Included in the 
cotransfection experiments to ensure complete pro- 
cessing of PSGL-1. Figure 1 B demonstrates that all of the 
truncated forms of PSGL-1 resulting from cotransfections 
in COS cells were secreted as disulfide-llnked soluble ho- 
rn odimers. 

Binding of Truncated PSGL-1 -Fc Chimeras 
to P- and E-Selectin 

Two different assays were used to monitor the binding of 
PSGL-1 constructs to Pond E-selectin. The first of these 
employs soluble chimeric forms of P-selectin or E-selectin 
covalently coupled to agarose beads and measures the 
binding of psjmethionine-labeled PSGL-1 chimeras. Only 
interactions with sufficient affinity to withstand multiple 
washing steps yield demonstrable binding. The behavior 
in this assay of the longest PSGL-1 construct, 253.Fc, is 
consistent with previous studies of PSGL-1 isolated from 
human neutrophils (Moore et a)., 1992, 1994; Norgard et 
al., 1993). The protein can be reprecipitated by a poly- 
clonal PSGL-1 antibody after purification on protein 
A-Sepharose and treatment with sialidase, yet no longer 
can be affinity captured by P-selectin (Figure 2A). Experi- 
ments in which a fucosyltransferase enzyme is omitted 
from COS cell cotransfections demonstrate the depen- 
dence of the protein on fucosylation for activity as well 
(Figure 2A). In all experiments, recombinant PSGL-1 mu- 
tants bound to the P-selectin resin are eluted with EDTA 
and EGTA, demonstrating cation (presumably calcium) 
dependence of the Interaction. The interaction therefore 
appears to have a dependence on sLe* or a related struc- 
ture. A titration of the amount of 253.Fc-conditioned me- 
dium added into this assay indicates a linear dose re- 
sponse over as much as a 40-fold range, as monitored by 
autoradiography (Figure 2A) and phosphorimager quanti- 
tation. 

Figure 2B shows that each of the truncated forms of 
PSGL-1 binds to P-selectin with sufficient affinity to be 
detected in this assay. Surprisingly, even the 19.Fc chi- 
mera, comprising only the first 19 amino acids of PSGL-1, 
exhibits binding to P-selectin. Phosphorimager analysis 
indicates that binding of the 19.Fc form to P-selectin oc- 
curs to approximately 5% the extent of binding of the 
253.Fc form. For the E-selectin chimera, only the 253. Fc 
and 148.Fc chimeras are observed to bind with compara- 
ble affinity. Trace amounts of the 47.Fc chimera are de- 
tected to bind E-selectin, and the 19.Fc construct demon- 
strates no detectable binding. Essentially identical results 
also are obtained from constructs cotransfected with the 
recently cloned myeloid a(1 f 3)f ucosyitransferase, FT7 (Nat- 
suka et al., 1994; Sasaki et al., 1994) (data not shown). 

In the second assay, CHO cells expressing fulMength 
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Figure 2. Selectin Binding Studies of PSGL-1 Chimeras 

(A) Autoradiograph of 253.Fc protei n affinity capture experiments. The 
left five lanes show the effect on P-seJectig affinity capture of cotrans* 
feet ion with and without the vector encoding a fucosyttransferase en- 
zyme (3/4FT), as welt as the effect of treatment with siaiidase. The 
psimemionine-tabeied PSGL-1 -IgG chimera was purified from condi- 
tioned medium with protein A~Sepharose (pr. A) prior to treatment 
with siaiidase (sial.). The remaining lanes show the effects on P- and 
E-selectin affinity capture of Incubating various amounts of conditioned 
medium with the capture resin. COS cell-conditioned media con- 
taining the protein were precipitated using sefectin-fcjG chimeras cou- 
pled to agarose beads, eiuted with EDTA and EGTA. and run on SOS- 
potyacryiamide gel under reducing conditions. 

(B) Autoradiograph of PSGL-1 -IgG chimera series affinity captured 
by P- and E-selectin and eiuted with EDTA and EGTA as above. Num- 
bers on the left column correspond to molecular mass markers. 

(C) Cei binding assay. Microliter plate wells were coated with purified 
PSGL-1 -IgG chimeras or human IgG antibody at 2 jig/mi and Incu- 
bated with 'H-thymidine-Jabeied CHO cetts expressing membrane- 
bound P-seiectin, E-selectin, or negative control (DUKX) celts. 



membrane-bound P- and E-selectin (Larsen et al., 1991) 
were assayed for their binding to microtiter plate wells 
coated with the PSGL-1 chimeras. This assay allows 
multivalent interactions; binding events with intrinsic affini- 
ties as low as the millimolar range therefore can yield de- 
monstrable binding. Figure 2C shows the results of this 
assay. As expected, PSGL-1 chimeras that exhibit activity 
in the higher affinity capture assay also support binding 
in this assay. In addition, the two chimeras that show little 
or no higher affinity binding to E-selectin do support bind- 
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Figure 3, Selectin Binding Studies of PSGL-1 14B.Fc Chimera Mu- 
tants 

(A) Autoradiograph of PSGL-1 -IgG chimera mutants affinity captured 
by P-se lectin or E-selectin by method described in Figure 2A. 

(B) Cell binding assay of PSGL-1 -IgG chimera mutants by method 
described in Figure 2B. 



ing in this multivalent system. Indeed, in this system the 
47.Fc construct isable to support binding ata level indistin- 
guishable from 253.Fc or 148.Fc. Only background levels 
of binding to any of the PSGL-1 chimeras are observed 
for control CHO-DUKX cells (Figure 2C). Again, similar 
results are observed when cotransfections are carried out 
with FT7 instead of FT3. Taken together, the results from 
these two binding assays demonstrate that even the first 
19 amino-terminal residues of PSGL-1 contain a determi- 
nant important for high affinity P-selectln binding and that 
differential binding of E- and P-selectin could be observed 
among the various PSGL-1 constructs. 

Sulfation, but Not N-Glycoeyfation, Is Required for 
PSGL-1 Binding to P-Seiectln 
The 1 48.Fc form of PSGL-1 was chosen for the next series 
of studies because W is the shortest chimera that supports 
the higher affinity binding of both P- and E-selectin. To 
confirm directly that N-iinked oligosaccharides on PSGL-1 
are not required for selectin binding, we mutated the two 
remaining putative N-linked gtycosylation sites within 
148.Fc, producing the mutant H24Q70.14B.Fc. The cell- 
based binding assay was used to show that this mutant 
remains fully capable of binding to both P- and E-selectin 
(Figure 3B). This result confirms previous studies em- 
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Sodium chlorate treatment of COS celts producing the 
148.Fc protein also yielded PSGL-1 with markedly re- 
duced P^setectin binding (Figure 3B), indicating the im- 
portance of sulfation for PSGL-1 function. In contrast, 
E-selectin binding was completely unaffected by sodium 
chlorate treatment of myeloid cells or COS cells express- 
ing 148.FC (Figure 3B). 

The Critical Sites of PSGL-1 Sulfation Reside 
on the Amlno-Termlnal Tyrosines 

Because sodium chlorate inhibits both carbohydrate and 
tyrosine sulfation, the sites of critical sulfation could be on 
CMinked oligosaccharides, one or more of these tyrosine 
residues, or both. Since the first 14 residues of PACE- 
processed PSGL-1 contain a region with several potential 
sites of tyrosine sulfation (H uttner and Baeuerle, 1 988), the 
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CHO-P-Selectin CHO-E-Selectin CHO-DUKX 
Figure 4. Select! n Binding Studies of PSGL-1 i9.Fc Chimera Mutants 

(A) Autoradiograph of 19,Fc chimera mutants affinity captured by 
P^stectin, protein A-Sepharose, arconditioned medium (CM), as indi- 
cated above the lanes. Chlorate-treated cells are indicated (CKV); 

(B) Cell binding assay of 19.Fc chimeras, by method described in 
Figure 28. 



ploying peptide N-glycosidase on both recombinant and 
natural PSGL-1 (Sako et al. t 1993; Moore et al., 1994). 
In addition, the present results suggest that the Winked 
oligosaccharides on PSGL-1 also are not required for 
E-selectin binding. 

Next, we examined whether sulfation of PSGL-1 is im- 
portant for its binding to P-selectin. A metabolic inhibitor of 
ATP sulfurylase activity, sodium chIorate(Upmann ( 1958), 
was used to prevent sulfation of both natural PSGL-1 on 
myeloid cells and recombinant PSGL-1 in COS cells. Pa- 
pain-treated HL-60 cells were incubated in the presence 
or absence of 50 mM chlorate for 48 nr. Analysis by fluores- 
cence-activated cell sorting, employing fluorescently la- 
beled selectin chimeras, demonstrated a significantly de- 
creased level of P-selectin reactivity with PSGL-1 on the 
surface of chlorate-treated cells. Surface expression of 
PSGL-1 on these cells was confirmed with a fluorescently 
labeled monocionai antibody to PSGL-1 (data not shown). 
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Figures. Analysis of Sulfate in PSGL-1 1 9. Fc Chimeras 

(A) Autoradiograph showing sulfate Incorporation into 19.Fc chimera 
proteins. Conditioned medium from celts fed with either [*S}sulfate 
or (*S]memionine, in the presence and absence of sodium chlorate, 
was affinity precipitated using protein A-Sepharose, and the proteins 
were resolved by reducing SOS-polyacrytamkte gel electrophoresis. 

(B) Thin-layer electrophoresis to detect tyrosine sulfate. A pSJeulfaie- 
labefed and protein A-purifled 19.Fc chimera sample was subjected 
to alkaline hydrolysis with barium hydroxide and analyzed by two- 
dimensional gel electrophoresis at pH 1 .9 and 3.S. The autoradiograph 
Is shown, and the locations of unlabeled tyrosine sulfate (Tyr(S)), threo- 
nine suWate„(Trir($)) t and phenol rad (PR) markers are denoted by 
dashed circles. 
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148.Fc chimera was usetj to create two types of specific 
mutations in the region of putative tyrosine sulfation. An 
internal deletion mutant, AY14&FC, was created in which 
the seven amino acids from positions 5-1 1 of the mature 
extracellular domain were removed. The deleted region 
contains three putative tyrosine sulfation sites. This mu- 
tant fails to bind P-selectin in either binding assay* yet 
E-selectin binding is fully maintained (Figures 3A and 3B). 
The second mutant, FFFE.148.Fc, replaces all three tyro- 
sines, at positions 5, 7, and 10, with phenylalanine and 
the aspartic acid at position 1 1 with a glutamic acid. This 
mutant does show some binding to P-selectin, but only in 
the multivalent assay. The level of binding is similar to 
that found after chlorate treatment of the 1 48.Fc form (Fig- 
ure 3B). Binding to E-selectin in either assay was com* 
pletefy unaffected by the quadruple mutation. It should be 
noted that in the lower affinity assay an additional contribu- 
tion of the acidic residues flanking the tyrosines is indi- 
cated (Figure 3B). The data therefore suggest that both 
the amino-terminal tyrosines and the flanking acidic resi- 
dues are important specifically for PSGL-1 binding to 
P-selectin but not E-selectin. To determine whether the 
amino-terminal tyrosines of PSGL-1 are sulfated, we uti- 
lized the 1 9. Fc chimera in further experiments. Expression 
of this protein in the presence of chlorate completely abol- 
ished binding to P-selectin in the higher affinity assay (Fig- 
ure 4A). Control precipitations with protein A-Sepharose 
show that the protein still was synthesized. A triple mutant, 
termed FFF.19.Fc, also was created to convert each of 
the three tyrosines at positions 5, 7, and 1 0 into phenylala- 
nines. Figure 4 shows that, as was seen for FFFE.148.Fc 
mutant, this mutant fails to bind P-selectin in the higher 
affinity binding assay. Again, however, a low level of 
binding is observed In the multivalent cell binding assay. 
Interestingly, a significant level of E-selectin binding 
with FFF.19.Fc is still detected in the cell binding assay 
(Figure 4B). 

The residual binding of the FFF.19.Fc mutant to the 
selectins is likely to be due to an sLeMnodhled O-linked 
oligosaccharide at Thr-3 or Thr-16. Omitting the plasmid 
encoding a fucosyltransferase enzyme during COS cell 
transfection yields a 19.FC molecule unable to support 
P- or E-selectin binding (data not shown). Treatment with 
sialidase also ab rogates P-selectiivbindlng activity (Figure 
4A). We created a mutant (A1 6.19.Fc) in which an alanine 
residue replaces the threonine at position 16. This mutant 
exhibits a small shift in gel mobility as compared with 
19.Fc, consistent with a loss of oligosaccharide. More- 
over, this mutant Is unable to support binding to either 
P- or E-selectin (Figure 4). These data strongly suggest 
that an O-linked oligosaccharide bearing sLe* and located 
at Thr-16 also is essential for 19.FC binding to P- and 
E-selectin. 

Figure 5 provides evidence that sulfation occurs exclu- 
sively on the tyrosines. Examination of pSJsulfate incor- 
poration by autoradiography shows that far more labeled 
sulfate is incorporated into 1 9.Fo than into FFF. 19. Fc (Fig- 
ure 5A). The small amount of label incorporated In the 
FFF.19.Fc is comparable with levels observed for other 



unrelated polypeptides fused into the IgQ constant region 
(data not shown) and therefore is likely to represent incor- 
poration into the IgQ region rather than into the oligosac- 
charide at Thr-1 6. Treatment with sodium chlorate at con- 
centrations that inhibit binding to P-selectin also inhibited 
the incorporation of sulfate into the 19.Fc chimera. The 
chlorate effect is specific, as parallel labelings using 
[^methionine indicate that synthesis and secretion of 
the chimeras in treated or untreated cells are nearly equiv- 
alent (Figure 5A). 

To confirm directly the presence of sulfated tyrosine, 
["Sjsulfate-labeled 19.FC protein was excised from- an 
SDS gel, subjected to alkaline hydrolysis, and then ana* 
lyzed by two-dimensional thin-layer electrophoresis. Fig-, 
ure 5B shows a single spot from the labeled, hydrolyzed 
material that comigrates with a sulfated tyrosine standard. 
At least one sulfated tyrosine therefore is present in 
PSGL-1. 

Discussion 

While several glycoproteins have been reported to bind 
in a specific fashion to L-selectin (Lasky et al. , 1 992; Baurn- 
hueter et al., 1993; Berg et al., 1993), PSGL-1 is the only 
high affinity P-selectin ligand characterized to date and 
appears to account for all of the high affinity P-selectin- 
binding sites on human neutrophils (Moore et al., 1995). 
Monomeric P-selectin has been reported to bind to 
-25,000 sites per neutrophil with an apparent Kd of -70 
nM (Ushiyama et al., 1993). The focus of our work has 
been to determine what structural features of PSGL-1 dif- 
ferentiate its activity from other sialomuclns or glycopro- 
teins. 

The results of the mutagenesis studies presented here 
indicate that an anionic amino-terminal peptide segment 
of PSGL-1 provides an essential component for the spe- 
cific high affinity interaction of PSGL-1 with P-selectin. 
This region is comprised of several acidic amino acid resi- 
dues and three tyrosines. Furthermore, sulfation of tyro* 
sine residues within this anionic peptide segment is critical 
for the high affinity binding of P-selectin. This modified 
region alone is insufficient for high affinity binding, but in 
concert with an O-llnked oligosaccharide modified by sLe* 
or a related structure it provides the high affinity recogni- 
tion determinant for P-selectin. It is noteworthy that sul- 
fation of O-linked gtycans rather than tyrosine residues 
has been shown to be critical for the binding of glycosyla- 
tion-dependent cell adhesion molecule 1 to L-selectin 
(Imal et al., 1993; Hemmerich et al., 1994, 1995; Hemmer- 
ich and Rosen, 1994). 

The profound effect of tyrosine to phenylalanine substi- 
tutions on activity may be due solely to removal of the 
substrate for sulfation or a combination of substrate re- 
moval and functional significance of the tyrosine side 
chain itself. While it is also possible that these mutations 
are acting indirectly, by altering the sLe 1 modification of 
carbohydrate on the ligand, this is unlikely, since the car- 
bohydrate components of the AY148.Fc, FFFE.148.Fc, 
and FFF.19.Fc mutants are unchanged in their ability to 
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bind to E-selectin. E-selectln binding indicates the pres- 
ence of functional sLe 1 (or related structures) on the 
CMinked oligosaccharides of these chimeric proteins, as 
only glycoproteins modified with sLe* (or related struc- 
tures) exhibit binding to E-selectin in vitro. 

Ourstudies are based on PSGL-1 produced in COS cells 
in the presence of FT3. The use of the myeloid fucosyttrans- 
ferase, FT7, yields similar results. A potential concern still 
arises that this COS cell-produced PSGL-1 differs sub- 
stantially from the native PSGL-1 found on the surface of 
human neutrophils. While we cannot rule out some struc- 
tural differences in the oligosaccharides, the validity of 
the COS cell-produced material for the type of analysis 
presented here is strongly reinforced by the unique recog- 
nition of the recombinant PSGL-1 by P-selectin. Other neu- 
trophil sialoglycoproteins produced in the analogous man- 
ner fail to show P-selectin binding (Sako et al. t 1993). 
Polyclonal antlsera raised against COS-produced PSGL-1 
can block the adherence of HL-60 cells to P-selectin in 
vitro (Vachino et al., 1995). Chlorate treatment of HL-60 
cells reduces the level of binding to P-selectin, but not to 
E-selectin. Finally, labeled sulfate is incorporated in PSGL-1 
isolated from human myeloid U937 cells (R. T. C, J. Flan- 
nery, and D. S.. unpublished data). Given these similar 
characteristics between native and recombinant PSGL-1, 
we believe that the recombinant PSGL-1 is a valid test 
system and reflects the functional importance of sulfated 
tyrosines in native PSGL-1 . 

Previous attempts to assess the molecular determinants 
of P-selectin ligand recognition have yielded data consis- 
tent with unique presentation of oligosaccharides being 
the sole critical component One hypothesis, proposed by 
McEver and colleagues (Norgard et al., 1993) and ex- 
panded upon in a recent review (Varki, 1994) is that high 
affinity selectin-ligand interactions result from a multiva- 
lent presentation of sLe*-modified oligosaccharides. In the 
specific case of PSGL-1, a "clustered saccharide patch* 
presented by unique high density CMinked oligosaccha- 
rides may be responsible for the observed high affinity 
and specific binding to P-selectin. While the apparent in- 
crease in binding observed between 19.Fc and 148.Fc is 
consistent with the notion that more than one O-linked 
oligosaccharide is required for the full binding activity of 
PSGL-1. this observation is also consistent with the idea 
that the optimal O-linked oligosaccharide is not focalized at 
ThM6. Since the AY148.FC and FFFE.148.Fc constructs 
contain multiple O-links yet fail to bind to P-selectin, clus- 
tered oligosaccharides alone cannot constitute the high 
affinity recognition epitope. 

The results presented here argue convincingly for a 
mutticomponent recognition motif. Figure 6 shows a sche- 
matic model for this interaction in which both a carbohy- 
drate moiety and an anionic sulfated polypeptide near the 
amino terminus are necessary for high affinity binding to 
Prolactin. In contrast, E-selectin binding does not require 
the anionic peptide portion of the PSGL-1 -binding deter- 
minant. 

The sulfated anionic region resembles that of other sul- 
fotyroslne-containing proteins, such as glycoprotein Iba 
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Figure & The Sulfated Peptide Segment in PSGL-1 Is Critical for 
P Setectin Binding, but Not E-Selectin Binding 
The a/nino-terminal 19 amino acids of mature (PACE-cteaved) PSGL-1 
are shown. A bulge over residues 4-1 1 denotes one recognition com- 
ponent, comprising one or^more sulfated tyrosines and tour acidic 
residues. Hie structure drawn above position 16 indicates the second 
component, an CMinked oligosaccharide modified with sLe" or possibly 
another sialyiated fucosytated structure. Both components are neces- 
sary for high affinity binding to P-selectin, but only the latter component 
is critical for E-selectin binding. 



(Dong et al., 1994). hirudin (Rydel et al., 1990), and factor 
VIII (Leyteetal., 1991), yet no direct homology of residues 
1-1 9 of PSGL-1 with any other protein has been found in 
the GenBank or Swissprot protein database. Each of the 
above proteins is involved in a ligand- or receptor-binding 
interaction and requires tyrosine sulfation for full activity. 
It is interesting to note that the mouse homolog of PSGL-1 
also contains a consensus site for tyrosine sulfation at 
the analogous aminoterminaJ position, as well as several 
acidic residues (Yang et al., submitted). Electrostatic bind- 
ing interactions mediated by the sulfated region of PSGL-1 
are consistent with the recently measured high tensile 
strength of the unimolecular interaction between purified 
P-selectin and PSGL-1 on neutrophils (Alon et al., 1995). 
The exact position and number of sulfation sites, as well 
as the precise structure of the fucosylated oligosaccharide 
at ThM6, are the subject of ongoing studies. 

The location of the site on P-selectin that interacts with 
the anionic, sulfated amino-terminal region of PSGL-1 re- 
mains to be determined. Several mutagenesis studies sug- 
gest that a common she exists on P~ and E-selectin for 
calcium-dependent carbohydrate binding (Erbe et al., 
1992, 1993; Hollenbaugh et al, 1993; Bajorath et el, 
1994). Crystallography studies on E-selectin (Graves et 
al., 1994) indicate that the binding site for sLe* within the 
lectin domain is very small. Given this data, it seems un- 
likely that the binding site on P-selectin for the sulfated 
peptide closely overlaps the sLe* binding site. Two reason- 
able alternatives are, first, a region outside of the sLe 1 - 
binding site but still within the P-selectin lectin domain and, 
second, the P-selectin epidermal growth factoMike do- 
main. The latter possibility is supported by studies indicat- 
ing the P-selectin epidermal growth factor domain to be 
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critical for high affinity binding (Kansas et al. , 1 994; Gibson 
et al., 1995) and by the fact that this domain is highly 
conserved among species. Additional studies are required 
to define fully the binding sites on P-selectin and resolve 
this issue. 

Lastly, it is Interesting to consider the macromolecular 
structure of PSGL-1 in terms of its physiological function. 
Experiments using immunogold electron microscopy have 
indicated that the surfacedlstribution of PSGL-1 on neutro- 
phils is localized at the tips of microvilli (Moore etal., 1995). 
Our data further localize the critical binding sites to the 
amino-terminal segment of PSGL-1. The inclusion of the 
segmentfrom amino acid residues 48-253did not appreci- 
ably enhance the P-selectin-blnding properties of our solu- 
ble PSGL-1 chimeras. Yet this segment of PSGL-1 ( which 
includes the 15 decameric repeats, contains the highest 
density of Olinked oligosaccharides. Mucin domains hav- 
ing closely packed O-linked carbohydrates are postulated 
to form rigid rod-like structures extending outward from 
the cell surface (Jentoff, 1990). It is therefore likely that 
the high density (Winked segment in PSGL-1 serves to 
extend the amino-terminal binding determinants outward 
from the cell surface, where they are readily accessible 
for selectin binding. In this regard, a rapid association rate 
constant for P-selectin has been noted (Lawrence and 
Springer, 1991; Ushiyama et al., 1993). Thus, it is logical 
that the binding determinants are localized at the amino 
terminus. Moreover, at physiological shear stress, this 
configuration is likely to facilitate the efficient tethering 
and rolling of neutrophils along the Wood vessel wall. 

Experimental Procedures 
Plasm kJ Constructions 

Trie plasmid pED.253.Fc. expressing a P-selectin ligand protetn-IgG 
chimera, was generated by restricting plasmid pPLS5 (Sato et al„ 
1993) with Xbal and Hlncll and ligating the purified 950 tip fragment 
to vector pED.Fc. pED.Fc Is expression vector pEO (Kaufman et al., 
1991) having a cDNA insert encoding the Fc segment of human lgG1 
with an adapter sequence immediately 5' to the hinge region. The 
fusion of the extracellular portion of PSGL-1 after the valine oodon 
295 encodes amino adds LRPQSR DKTHTCPPC at the junction. Plas- 
mid constructs pED.14a.Fc, pED.47.Fc, and pED.1 9.Fc were created 
by standard PCR technique, using pED.253.Fc as template and the 
following pairs of oligonucleotide primers. Universal upstr eam pri - 
men 5'-CCAGOTCCAACTGCAQGTCQACTCTA(^GGGCACTTCTT- 
CTGGGCCCACG. Downstream primer for 146.Fc: 5'-TATTATCT- 
GTGCGGCCGCCCTCCAGAACCCATGGCTGCTGGTTGCAGTGG. 
Downstream primer for 47 JFc: 5-TATTATCTGTGCGGCCGOGCAG- 
CAGGCTCCACAGTGGTAG. Downstream primer for 19J=c: 5-TAT- 
TATCTGTGCGGCCGCGGAGGCTCCX3TTTCTGGCAG. PCR prod- 
uct DMA was digested with Pstl and Noti, gel purified, and Ogated 
with pED.Fc vector fragment. Correct constructs were Identified by 
restriction analysis and confirmed by DNA sequencing. PtasmktspED- 
.AY148,Fc H24Q70.148.Fc end A16.19.Fc were created by site- 
directed mutagenesis (Sambrook et al., 1989) using pED.148.Fc or 
pED.l9.Fc as templates. The mutagenesis oligonucleotide for AY148 
was 5'-CGGAGACAGGCCACCGAATTCCTGCCAGAAACG. Positive 
colonies were identified by colony hybridization (Sambrook et al., 
1989). The pED.FFFE.148.FC vector was constructed by restricting 
pED.£Y148.Fc with EcoRI and ligating the following annealed oligonu- 
cleotides: 5-AATTCGAGTTCCTAGATTTTG and 5 '-AATTC AAAATC- 
TAGGAACTCG. The pED.FFF.19.Fc vector was made by restricting 
pED.AYl48.Fc with EcoRl and Motl and ligating the following annealed 
Oiigon ucleotides: S'-AATTCGAGTTCCTAG ATTTCG ATTTGCTGCGA- 



GAAACTGAGCCTCCGC and 5 # -GGCCGCGGAGGCTCAGTTTCTG- 
GCAGGAAATCGAAATCTAGGAACTCG. 

Production and Purification of Selectin Chimeras 
P-selectin cDNA was fused after the encoded fourth consensus repeat 
domain to lgG1 Fc to create a soluble P-selectin-leG chimera in vector 
pED. The resulting expression plasmid was used to establish a stable 
CHO cell line. Secreted chimeras were purified from serum-free me- 
dium by conventional chromatography. E-selectin-IgG chimera was 
constructed by fusing coding sequences of complete extracellular do- 
main of E-selectin with human lgG1 Fc of pED.Fc. An AscI fragment 
containing the fusion cONA was ligated at polylinker of baculovirus 
vector pVLl393 (Webb and Summers, 1990), creating plasmid 
pVLs&Fc. Recombinant baculovirus was generated by cotransfecting 
Sf9 ceils with 3 ng of pVLs£.Fc plasmid DNA, 1 jig of BacutoGoto 
AcMNPV viral DNA (Pharmingen). followed by plaque purification. 
High titer virus (108 pfu/mQ was used to infect Trichoplusia ni High 
Five cetts (Invitrogen), The supernatant 72 hr postinfection was col- 
lected, and E-selectin-IgG chimera was affinity purified using protein 
A-Sepharose (Pierce). 

Affinity Capture Assays 

The E-selectin chimera. P-selectin chimera, and human lgG1 (Sigma) 
were covalentfy coupled to a gel resin via imide ester-amide exchange 
chemistry (Affi-Gel 15; Bio-Rad) using the protocols of the manufac- 
turer. Plasmid DNAs encoding the various forms of sPSGL-1-Fc chi- 
meras were cotransfected with vectors pEA,3/4FT and pEA.sPACE 
into COS cells using the DEAE-dextran technique (Keown et al.. 1990) 
and labeled metaboiicalry with p 3 SJmethionine. For sulfate incorpora- 
tion experiments, cella were starved for 1 hr in suifate-free EMEM 
medium (Specialty Media), supplemented with 10% of normal concen- 
trations of cysteine and methionine (Gibco) as well as 100 mM sodium 
chlorate (Ftuka)- Labeling was carried out for S-7 hr by adding the 
same medium, supplemented with S% diaiyzad fetal calf serum, 10 
mM HEPES (pH 7.2), and either ^S-labeied sulfate or methionine (New 
England Nuclear). Control labelings were done in chlorate-free me- 
dium. Conditioned media were collected after labeling, aprotinin and 
sodium azide were added to 0.1% and 0.05%, respectively, and the 
conditioned media then were centrifuged to remove cell debris and 
detached cells. Labeled conditioned media, mixed 12 with affinity 
capture buffer (TBS, 5 mg/ml BSA, 2 mM CaCfe* 0.04% Triton X-100, 
and 0.02% sodium azlde), were added to affinity resins, and the mix* 
tures were gently inverted overnight at 4°C. Resins then were washed 
extensively with BSA-free affinity capture buffer and batch-eluted with 
TBS containing 5 mM EDTA and 5 mM EGTA. 

For control affinity precipitations, protein A-Sepharose 4 fast flow 
(Pharmacia) or a polyclonal rabbit anti-PSGL-1 antibody, Rb3443, cou- 
pled to Affi-Gel 1 0 was used. The antibody was raised against a peptide 
comprising the first 1 5 amino adds of the mature PSGL-1 amino termi- 
nus. Quantitative analysis was carried out by using ImageQuaNT soft* 
ware and a phosphorimager (Molecular Dynamics). Data were nor- 
malized for differential expression and labeling by using Rb3443 
immunoprecipitation data. 

Cell Binding Assay 

COS cells were transfectsd with the various PSGL-i-IgG chimera 
pi asm ids as for the affinity capture assay. Serum-free medium (50 
ml), collected 40-64 hr posttransfection from 1 x 1 0 7 COS cclte, was 
purified on a column of 0.25 ml of protein A-Sepharose equilibrated 
with TBS plus 2 mM CaCl,. After washing with 20 ml of TBS plus 2 
mM Cad* the bound material was eluted with 0.5 ml of 0.1 M acetic 
acid. 0.15 M NaCI. 2 mM CaCtb The eluted material was neutralized 
with 5% volume of 3 M Tris (pH 9.0) and dialyzed against TBS plus 2 
mM CaCl,, 0. 1 mM PMSF. The material was quantitated by measuring 
absorbance at 280 nm and by Coomassia blue staining of SDS-poiy- 
acrytamkle-Laemmlt gels. The protein concentration was adjusted to 
2 ug/ml prior to assay. 

Microliter plates (48 well, untreated; Corning) were coated for 16 
hr at 4°C with 0.2 ml of purified sPSGL-l-Fc chimeras. The unbound 
material was removed, and the coated wells were treated with Hanks* 
buffered salt solution with 10 mg/ml BSA and 2 mM CaCta fori hr at 
4 B C. CHO-P*se!eciin,CHO^-3e!3C^^ 
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el al., 1992) were labeled by overnight Incubation with »H-thymidine 
(New England Nuclear), and counts per minute per number of cells 
was recorded. Cells (2 x 10 s ) were added to the prepared microtfter 
plates and Incubated for B mln at room temperature. The plates were 
washed four times with Hanks' buffered salt solution, 2 mM CaCI, 
and trypsinized, and the bound cells were quantftated by scintillation 
counting. 

Siatidase Treatment of PSGL-1 Chimeras 
[*S]methtonine-labeled 253.Fc or 19.Fc mutant constructs, purified 
from conditioned medium by protein A-Sepharose chromatography, 
were incubated with sialidase from Arthrobacter u/eafaciens (Calbio- 
chem) in a buffer containing 160 mM NaCI. 60 mM sodium acetate, 
8 mM calcium chloride, and 0.02% Triton X-100 at pH 5.5. After a 16 
hr digestion with 200 mU/ml enzyme at 3T7°C, the samples were diluted 
into affinity capture buffer* incubated with either P-selectin coupled 
to Affi-Gel 1 5 or rabbit poryctonai antibody Rb3443 coupled to Affi-Gel 
10. and processed as described above. 

Alkaline Hydrolysis Treatment of 19.Fc 
Transfected COS cells were labeled with ["Sfsuffate as above, and 
the conditioned medium was subjected to barium hydroxide hydrolysis 
as described by Huttner (1984). The following modifications were per- 
formed as described previously (Pfttman et al., 1 992). The *S4abeled 
conditioned medium was incubated with protein A-Sepharose, and 
the bound protein was run on a 12% SDS-pcJyacrylamide get and 
transferred to ImmoWton-P (Maiipore). The filter was exposed to film, 
and the labeled band of interest was excised from the membrane and 
transferred to a Tuftainer (Pierce). Degassed 0.2 M barium hydroxide 
was added, and the tube was sealed under N* and baked for 18 hr 
at 110°C. Following neutraization and lyophilizatfon, the pellet was 
resuspended in 7.6% acetic acid, and 2.2% formic acid. We added 
5 jig each of unlabeled tyrosine sulfate and threonine sulfate to the 
sample to run as standards. The sample was spotted onto 20 x 20 
cm 100 um cellulose thin-layer sheets (Kodak) and two-dimensional 
electrophoresis was performed. The standards were visualized with 
1% ninhydrin in acetone, and tyrosine [*S)sulfate was detected by 
phosphorimager analysis (Fuji) and autoradiography. 
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